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1. Introduction

Elastohydrodynamic lubricated contacts are common in vehicle transmission
gears and bearings. The hydrodynamic pressure built up in the lubricant film is
sufficient to prevent most contact between the 2 opposing solid surfaces during
normal operation, which results in extremely low wear rates and long lifetimes
over millions and billions of cycles. Yet even the surfaces of these high-speed
components typically demonstrate a period of wear called “running-in”” when they
are first put into service, especially during start and stop cycles when lower
speeds reduce the lubricant film thickness. During this period of running-in, the
friction coefficient of the 2 mating surfaces drops rapidly as they become
smoother. This polishing effect presumably occurs as asperities from machining
of the components are removed or flattened, although other chemical or
morphological changes may also be taking place.'”

The running-in process has lasting consequences for the operation, efficiency, and
failure conditions of the contact. The efficiency and heat production are directly
related to the friction coefficient in a contact, while failure modes, such as
micropitting and scuffing, depend more on surface roughness, asperities, and
chemical state of the surfaces.>»* Because the amount of wear, type of wear, and
wear rate depends on the lubricant, material, and elements of contact history, such
as speed and load, it is essential to gain an understanding of how these factors
affect running-in.

With the development of experimental lubricants, materials, and operational
geometries, there is a need for methods that quantify running-in and measure its
overall effect on performance over a large range of relevant contact conditions.
Many studies of running-in have been conducted to look at the change in
roughness at a single set of contact conditions and to discover methods to relate
the roughness profile analysis quantitatively to friction coefficient change or wear
rate.> 13 Studies that have investigated varying contact conditions, such as slide-
to-roll ratio (SRR), load, and entrainment velocity, see a dependence of the
running-in wear on the specific conditions.!*!® However, little information exists
on the overall effect of running-in on the friction coefficient over wider ranges of
surface velocities and how the contact history determines the amount of running-
in.

In this report, we introduce friction mapping as a method to characterize the
running-in process. In friction mapping, the friction coefficient is measured and
displayed over 2 or more variables of interest. Two variables that are critical to
gear and bearing mechanical contacts are entrainment velocity and SRR, or slip.



When the friction coefficient is measured as a function of entrainment velocity,
one is essentially changing the film thickness with changing velocity, replicating
the well-known Stribeck curve with the associated changes in the lubrication
regime. When the slip is varied, the shear within the contact changes, increasing
the contact severity and power generation with increasing sliding velocity.
Bjorling et al. have used friction mapping with entrainment velocity and slip to
study friction coefficient, surface roughness, lubricant viscosity and type, surface
material, and lubrication regime.!*?> By mapping over these variables during the
running-in process, we can also study the contact history that cause running-in
and the friction coefficient that one can expect during and after the running-in
process.

2. Methods and Procedures

The running-in measurements were conducted using the WAMI14 Wedeven
Associates Machine (Wedeven Associates Incorporated) ball-on-disc tribometer
at the US Army Research Laboratory. The WAM14 is capable of operating at
high speeds and loads with precise control over the contact conditions. The
WAMI14 allows for independent control over ball and disc velocities, the vertical
contact load, oil flow rate, and specimen temperature. Experiments are run on a
specified track diameter defined by the location of the ball and disc contact so that
several fresh tracks can be used on a single side of a disc. The traction coefficient,
also known as the friction coefficient, is measured from the force exerted on the
ball by several load cells attached to a support table suspended on air bearings.
The ball-on-disc system is shown in Fig. 1.



Fig.1  WAMZ14 ball-on-disc tribometer (top) with ball and disc velocity, Uy and Ug, and
temperature measurements, To and Tq, and schematic of the contact zone with corresponding
ball, disc, and entrainment Ue velocities (bottom)

In the photograph (top) and the schematic (bottom) of Fig. 1, the linear surface
velocities of the ball and the disc are given as Up and Ug, respectively. The
temperatures are measured using thermocouples placed in contact with the ball
and disc surface, labeled Ty and Tq, respectively.

The entrainment velocity Ue is the average of the ball and disc velocities, Up and
Uy, at the contact zone:

_ Upt+Uq

U, 5

(1)

The sliding velocity is the relative velocity between the 2 contacting surfaces and
calculated from the ball velocity less disc velocity as

Us = U, — Uy. (2)



The relationship between sliding velocity and entrainment velocity is given either
as the SRR ratio,

SRR =& 3)

or as the slip in percentage

Slip = f]’— x100% . 4)

We have chosen to use slip throughout this report.

The friction coefficient has been measured as a function of entrainment velocity
and slip as they vary with contact history and time. Various ranges of velocities and
several directions of ramping the relative velocities have been chosen to
demonstrate the similarities and differences that are seen to depend on the particular
choice of friction mapping procedure. A plot of the entrainment velocity, Ue, and
slip percentage is displayed for one of the friction mapping procedures in Fig. 2. In
this case, the entrainment velocity is ramped linearly from 16 to 0.35 m/s over 90 s,
held for 10 s at 0.35 m/s, and ramped back to 16 m/s at a slip of 0.03%. Once this
ramp is complete, the slip is increased one step, held for 10 s, then the ramp is
repeated. This procedure continues for all slip values shown in Fig. 2.

Fig.2  Simultaneous measurements of the actual entrainment velocity (top) and slip
(bottom) during the friction mapping procedure in which entrainment velocity is ramped
while slip is stepped by control of disc and ball velocities



An example of the measured friction coefficient, also known as the traction
coefficient, plotted as a function of entrainment velocity and slip is shown in
Fig. 3. The upper plot displays the data as a surface plot while the lower plot
displays the same data as a contour plot. The surface plot is shown because it
allows a rapid recognition of 3 main areas and their relationship to each other.
Along the entrainment velocity direction, the friction values correlate to classic
Stribeck curves with high friction coefficient at low velocity dropping sharply to a
flat region at higher velocity. Along the slip axis, traction curves, often used for
bearing measurements, can be recognized. Following the analyses in Bjorling et
al.?! and Habchi et al.?*, we can divide the plot into 3 primary friction regimes: 1)
the mixed lubrication regime in yellow/green at low entrainment velocity, 2) the
linear regime in the darkest blue at low slip values, and 3) the thermoviscous
regime, characterized by the mid-blue plateau over most of the plot range. These
regimes are displayed in the contour plot of Fig. 3. Contour plots will be used
throughout this report because they allow for a direct visual comparison between
different friction maps and a clear depiction of the differences between maps
when they are subtracted from each other. All friction maps use contours
separated by a friction coefficient of 0.002 with every 0.01 labeled, while
differences between friction maps use contours of 0.0005 with every 0.002
labeled. Before plotting and for plot subtraction purposes, the friction coefficient
values are mapped onto a grid of entrainment velocity and slip (see upper plot of
Fig. 3 for the grid) using a natural neighbor interpolation procedure.



Fig. 3  Three-dimensional surface plot of the traction coefficient (friction coefficient) as a
function of entrainment velocity and slip (top) and the same data plotted as a contour plot
divided into friction regimes (bottom)



In all, 4 friction mapping procedures were used; the entrainment velocity is
ramped in 3 of the procedures, and the slip is ramped in one. The nonramped
value is either stepped or held constant. The details of ramp ranges, ramp times,
and steps for the 4 mapping procedures are given in Table 1. These procedures are
graphically depicted in Fig. 4. For measuring the running-in, the particular
mapping procedure was repeated numerous times on a single fresh track.
Throughout the report, a fully completed procedure that produces a friction map
will be referred to as a map, friction map, or run when several maps are
completed in sequence. When the difference in the friction coefficient from run to
run was 0.002 or less over the entire map except for a few grid points and 0.003
or less over all grid points, the running-in process was considered to be complete.
For each step, ramped entrainment velocity always begins at 16 m/s and ramped
slip begins at 0%. Because the ramp moves in both directions, there are
essentially 2 maps created, one for increasing ramped value and one for
decreasing ramped value. In this report, the friction maps use the first portion of
the ramp (i.e., decreasing entrainment velocity or increasing slip).

Table 1 Friction mapping procedures

Ram Time spent
ID Procedure Ramped value range timep Stepped values <2 m/s per
map

A Ramp Ue, step shp 16.3m/s <> 035m/s 90s Sllp —0.02% — —100%*P 650s

g Ramp Ue(reduced 14315 ,05mis 90s  Slip —0.02% — —100% 0s
range), step slip

C Rampslip, step Ue —0.02% <> -100%* 90s U 16 m/s —035m/s° 1,800

D Rl?ml’ Ue, constant 16 15 <5 035m/s 90s  Slip constant at 95% 487.5's
slip
* Negative slips indicate that the disc has a higher surface velocity than the ball at the contact point.
® The full list of slips are —0.02, —0.06, —0.18, —0.54, —1.62, -5, —10, —15, —20, —25, —30, 35,
—40, —45, 50, —60, —70, —80, —90, and —100%.
¢ The full list of entrainment velocities are 16, 15, 14, 13, 12,11, 10,9, 8,7, 6, 5,4, 3.5, 3, 2.5,
2,1.5,1.25,1.1,0.95, 0.80, 0.65, 0.50, and 0.35 m/s.




Fig.4  Depiction of ramp and step procedures on a set of generic friction mapping data:
ramped entrainment velocity with stepped slip (top), ramped slip with stepped entrainment
velocity (center), ramped entrainment velocity with constant slip (bottom)



Materials and contact parameters used throughout the measurements in this report
are given in Table 2. The discs and balls were cleaned with petroleum ether and
then acetone in an ultrasonic bath before use. Before each sequence of maps,
conditions of pure rolling (slip = 0%) were found at an entrainment velocity of Ue
= 8 to 10 m/s. The lubricant was supplied at 100 °C and the disc was brought to
126 °C before mapping to reproduce typical aerospace gear and bearing operating
temperatures.

Table 2 Materials and contact parameters

Parameter Value Comments

Disc material AISI 9310 steel Circumferential grind, initial Sa = 100 nm
Tumbled finish, initial Sa = 200 nm,

Ball material AISI 9310 steel diameter d = 20.6 mm
Corresponds to a maximum Herztian stress
Contact load 200 N of 1.63 GPa
Lubricant DOD-PRF-85734 Aeroshell 555
Lubricant supply temperature 100 °C Lubricant viscosity @ 100 °C is 5 ¢St
Initial disc temperature 126 °C Lubricant viscosity @ 120 °C is 3 ¢St

All surface roughness measurements were conducted using a Zeiss LSM700 laser
scanning confocal microscope using a 50% objective with a numerical aperture of
0.95 and a laser wavelength of 405 nm. The 3-dimensional (3-D) roughness
values were calculated according to ISO 25178%* from an area 125 by 1300 pm.

3. Results and Discussion

Various friction mapping procedures have been used to observe and quantify the
sensitivity of running-in wear to particular contact histories with similar total
contact conditions. The detailed list of procedures is given in Table 1. The effects
that will be evaluated throughout this section are those of the mapping direction, the
exclusion of the mixed lubrication regime, and limiting operation to simulate a
single gear mesh point. First, the details of changes that occur from map to map
with repetition are presented and discussed using the mapping procedure in which
entrainment velocity is ramped over the full range (procedure A). Next, the
temperatures due to frictional heating during the mapping procedure are discussed.
The mapping procedure A is then compared to mapping procedure B over a
reduced range of entrainment velocity. The results from a contrasting mapping
procedure C in which slip is ramped are then presented and compared to procedure
A. A fourth procedure (procedure D) is then presented that corresponds to a single
point along the face of a gear tooth in a spur gear. Finally, the surface topology is
compared among different mapping procedures after the running-in processes are
largely complete.



3.1 Change in Friction with Operational Time: Ramp U, Step
Slip

Friction maps collected using procedure A (ramp Ue, step slip) are shown in
Fig. 5. The maps, labeled run 1 to run 5, have been measured in sequence on the
same track during the same day, while run 6 has been measured the following day
on the same track. Each of the maps shows the same basic features as the example
given in Fig. 3. The friction coefficient is highest at low entrainment velocity with
a sharp decrease in friction over nearly all slip values with increasing entrainment
velocity (mixed lubrication regime). The friction coefficient also increases from
zero slip to low slips over all entrainment velocities (linear regime) and, with
increasing slip, the friction coefficient transitions into a large, relatively flat
region that dominates the map at a higher entrainment velocity and slip
(thermoviscous regime). Notably, the overall friction coefficient decreases from
run 1 to run 3 with little change from run to run between runs 3 and 5. A sixth run
was made the next day to see if the friction coefficient changed after a 15-h period
over which the sample was allowed to cool to room temperature and was then
heated again for the test. As evident in Fig. 5, no difference is seen between run 5
on the previous day and run 6 on the next day.
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Fig.5  Subsequent friction maps measured on a single track using the ramp Ue, step slip
procedure

The changes in the friction coefficient from run to run can be best seen when the
friction maps are subtracted from each other. In Fig. 6, the differences have been
taken between each of the subsequent runs and between runs 1 and 5. The
decrease in friction is especially large between runs 1 and 2. The difference is
concentrated in the mixed lubrication regime and the area of low slip in which the
linear regime appears to grow from run 1 to run 2. From runs 2 to 3 and runs 3 to
4, no change is seen except in the mixed lubrication region where friction
continues to decrease with each run, albeit at a much reduced rate. After run 4, no
more change is observed, as evidenced by runs 4 and 5, having friction
coefficients throughout the entire map that are within 0.002 of each other.
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Fig.6  Difference plots between the friction maps of Fig. 5 subtracting subsequent runs
(run 2 from run 1, and so on) and the total difference (run 5 from run 1)
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The difference between runs 1 and 5 in Fig. 6 is the total change from the first run
until running in wear is complete. Although changes in friction occur over all
values of the frictional map, they are concentrated at low entrainment velocities
and at low slips. As most of this running-in wear occurs during run 1, it can be
expected that the amount of surface polishing is different throughout the entire
measured ranges of the friction map. The portions of the friction map measured at
a later time experience a smoother surface, essentially producing a measure of the
running-in as slip is stepped from 0% to 100%. For this reason, the large change
is seen at the lowest slip values because the freshest surface is measured in this
region during the first run. As the first mapping procedure continues, running-in
still occurs throughout the entire slip range of the map because of the large
differences in the friction coefficient in the mixed lubrication regime at low
entrainment velocity. The friction coefficient in the thermoviscous regime at
higher slip and entrainment velocity is clearly less sensitive to the running-in
process, as a total difference of only 0.006 is observed even as differences of 0.03
are occurring in the mixed regime.

3.2 Effect of Running-in on Frictional Heating

The temperature of the disc and ball has been measured during the friction mapping
procedure A in the previous section. The temperature during runs 1 and 6 is
displayed in Fig. 7 below their corresponding entrainment velocity ramps and slip
steps. The disc begins at a temperature of 126 °C, determined by the active heater
element, and the ball at around room temperature, 25 °C. When the mapping
procedure begins, the ball temperature quickly increases to around 75 °C, and the
disc decreases slightly because of the oil supply temperature of 100 °C and cooling
from windage. As the slip is increased to values above a few percent, the disc
temperature increases slightly, and the temperature of the ball increases sharply,
finally ending at a final average temperature of 115 °C. Both temperatures display
an oscillation that corresponds to the entrainment velocity ramp. The temperatures
increase with high entrainment velocity and decrease with low entrainment
velocity, as shown by the red and green guide lines in Fig. 7.
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Fig. 7  Simultaneous measurements of entrainment velocity (top), slip (upper center), ball
temperature (lower center), and disc temperature (bottom) during the friction mapping
procedure in which entrainment velocity is ramped while slip is stepped
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The temperature plots demonstrate that most of the heating occurs at higher slips
and higher entrainment velocity. The frictional heat dissipation is linearly
dependent on the friction coefficient and sliding velocity and will be greatest in
areas of high sliding and high friction. At low slip, both friction coefficient and
sliding are low, leading the ball to be heated primarily by contact with the
lubricant and disc. At higher slip, the friction varies by a factor of 4 over the
entrainment velocity range, but the sliding velocity varies by a factor of 40 and
dominates the temperature rise. This difference in heating power can be seen in
the small effect that running-in (and change in friction) has on the temperature
throughout the mapping procedure, as evidenced by the small difference in
temperature between runs 1 and 6.

3.3 Comparing Range

To determine the importance of the mixed lubrication regime in the running-in
process, friction mapping was conducted over a reduced range using the ramp Ue,
step slip procedure B. In the upper 2 graphs of Fig. 8, the first (run 1) and last (run
4) runs are displayed for the reduced range. A comparison to Fig. 5 reveals them
to be nearly identical to the friction maps of the full range measurements of
procedure A. Likewise, the difference between the first and last run of procedure
B displayed in the lower-left graph of Fig. 8 is similar to that of the larger range
of procedure A in Fig. 6 over the common range measured. The changes in
friction coefficient observed for the reduced range are found primarily at lower
slips since the mixed lubrication region is absent from this mapping procedure.
The difference between the final runs of the full range (A) and reduced range (B)
is shown in the lower-right graph of Fig. 8 and shows that the final state between
the 2 procedures is identical over the reduced range of entrainment. Clearly, the
final friction values measured above a Ue of 2.5 m/s after running-in do not
depend on operation in a mixed lubrication region.
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Fig. 8  First and last friction map using the ramp Ue, step slip procedure over a reduced
Ue range (top), the difference between these maps (bottom left), and the difference between
the final runs of the reduced range map and the full range map from Fig. 5 (bottom right)

3.4 Comparing Ramp Directions: Ramp Slip, Step Ue.

The orientation of velocity ramp during the mapping procedure may result in a
different running-in and a different final state. To explore whether such is the
case, measurements were made over the same entrainment velocity-slip range as
in the first mapping procedure, but in this case, the slip was ramped while the
entrainment velocity was stepped (procedure C). The first run and last runs are
shown in the top 2 graphs of Fig. 9. In run 1, the first ramp displays a transition
from high friction coefficient to lower friction coefficient between the initial
measurement point of high entrainment velocity and low slip and a higher slip of
around 50% to 80%. This rapid transition does not occur again with later ramps,
and the final run does not display such a transition. In the difference between the
first and last runs in the lower graph of Fig. 9, this rapid transition is the largest
change in friction during the running-in process. Otherwise, change in friction
occurs throughout the full mapping area, but particularly at lower entrainment
velocity weighted a bit toward lower slip. Interestingly, the change in friction
becomes less at the lowest entrainment velocities below 0.75 m/s, which are the
last to be measured in the initial run when compared to the ramps at around 1 to 2
m/s. This behavior is in contrast to that observed in procedure A.
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Fig.9  First and last friction map using the ramp slip, step Ue procedure (top), the
difference between these 2 maps (bottom left), and the difference between the final runs of
the ramp slip map and the ramp Ue map from Fig. 5 (bottom right)

Overall, the change in friction occurs to a greater extent during the first run of this
ramp slip mapping procedure and at higher entrainment velocities than procedure
A (ramp Ue) earlier in the report. The rapid change during the initial ramp likely
contributes significantly to the overall change, but this procedure also measures in
the mixed lubrication region (low Ue) for a longer time than the first procedure.
Also, the mixed lubrication regime is likely changing in its extent during the
running-in procedure as roughness changes. Table 1 shows that this procedure
spends nearly 3 times as long below a Ue of 2 m/s. The reason for the extended
time spent in the mixed lubrication regime is to collect sufficiently spaced data
points to capture the slope of the friction coefficient. The extended period of time
spent in this regime may also be the reason that the running-in occurs largely
before an entrainment velocity of less than 1 m/s is measured.

The difference between the last runs of the present mapping procedure C (ramp
slip) and mapping procedure A (ramp Ue) is shown in the lower-right graph of
Fig. 9. Here, the final state of running-in does depend on the ramp orientation,
even for the same range. The friction coefficient is lower for procedure C (ramp

17



slip) than procedure A (ramp Ue) at low entrainment velocities and at low slips,
although in the thermoviscous regime, the friction coefficient is equal between the
two.

3.5 Constant Slip

Mapping out the friction coefficient over a large range of entrainment velocity and
slip provides an excellent measure of general lubricant and surface properties, and
the information gained can be correlated to gear tooth mesh behavior.? However, to
accurately simulate the running-in for a gear tooth, a somewhat different procedure
must be used. Any point along the gear tooth face in a spur gear contact will
experience a single value of slip with the entrainment velocity changing as the gear
is started, operated at various speeds, then stopped. To simulate this range of
motion for a single point on the gear face (equivalent to a single point along the line
of action in a gear mesh), a procedure was developed in which the entrainment
velocity is ramped and the slip is held constant, procedure D.

The friction coefficient measured with entrainment velocity ramps at a constant
slip of 95% 1s shown in Fig. 10 for a series of ramps. The first ramp begins at the
lowest line in the bottom panel labeled Ramp 1 to 15, and each subsequent ramp
is labeled with increasing ramp numbers moving upwards. Ramps 16 to 30 are
found in the center panel, and Ramps 31 to 45 in the top panel. The friction
coefficient decreases throughout the entire Ue range, but especially at lower Ue,
from ramp to ramp. The decrease becomes less with each subsequent ramp and
largely flattens out after 10 to 15 ramps, only decreasing slightly over the next 30
ramps. Interestingly, the first and the final ramps look similar to the first and the
last measurements of the full mapping procedure in Fig. 5 when compared to the
portion of the map at 95% slip. This ramping procedure at a single slip, however,
takes more repetitions to come to a steadier final state than the other procedures.
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Fig. 10 Evolution of friction coefficient as a function of entrainment velocity and ramp
number for the procedure ramp Ue at constant slip for ramp numbers 1 to 15 (bottom), 16 to
30 (center), and 31 to 45 (top)
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3.6 Change in Surface Roughness

The process of running-in is typically considered to be a wear process that results
in a smoother surface. By measuring the surface roughness with a 3-D
profilometer, one can gauge both the change in roughness and the change in
morphology. In Fig. 11, a 125- by 125-um area of surface has been measured at
the center of the track for the original as-ground surface and for each of the
mapping procedures after the final state was reached. The original surface (top)
displays ridges oriented from the upper left to the lower right. These ridges are the
grinding marks from the machining of the disc surface and run in the
circumferential direction always parallel to the measured track on the disc. Below
the topology image of the original surface, the topologies after operation for each
of the different mapping procedures are shown. They are strikingly similar in
appearance to one another, and all display grooves remaining in the surface after
the ridges have largely been displaced, either through plastic deformation or
removal from the surface. The flattening of asperities is commonly seen in contact
studies, even within the elastohydrodynamic lubrication (EHL) regime. Under the
conditions of operation here, the grooves remaining on the surface seem to come
from the deepest trenches between the ridges, as there are fewer grooves in the
operated tracks than ridges on the pristine surface. Polishing of all but the deepest
grooves is an indication that the conditions of operation here are severe enough to
deform or remove a significant amount of material, but the wear process
eventually reaches a limit at a particular smoothness of the surface.
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Fig. 11  Surface height plots (all same scale) from the original surface and the center of the
track for each mapping procedure after the final mapping run

A statistical analysis of the surface roughness quantifies the similarities in the
wear of the different mapping procedures and the limiting surface roughness. The
wear tracks are roughly 400 to 500 pm wide and bend with a radius of 35 mm or
greater circumferentially around the disc, so the roughness was measured over a
125- by 1,300-um area centered on each track to capture a larger area of the track
for analysis than that shown in Fig. 11. The roughness and height values
calculated from these extended areas are given in Table 3. From the table, it can
be seen that the original surface has a root mean square height Sq and average
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height Sa of 0.278 and 0.218 pum, respectively. The operated surfaces average a bit
less than half these amounts, and although there is a variation among the
roughness, they all fall within 20% of the average Sq and 27% of the average Sa.
Perhaps most telling is the valley height Sy of around 1.2 um for all operated
tracks that indicates a similar amount of loss of asperities for all procedures from
the original Sy of 1.79 um.

Table 3 Surface roughness (1SO 25178)

Procedure Sq° Sp° S S Sa°
(m)  (um)  (pm)  (pm)  (pm)
Original surface 0.278 2.70 1.79 4.49 0.218
Ramp Uk, step slip (A) 0.127 2.02 1.21 3.22 0.099
Ramp Ue (reduced range), step slip (B)  0.118 1.49 1.19 2.68 0.087
Ramp slip, step Ue (C) 0.148 2.18 1.13 3.31 0.119
Ramp Ue, constant slip (D) 0.099 2.35 1.22 3.56 0.070

* Root mean square (RMS) height of surface
® Maximum height of peaks

¢ Maximum height of valleys

¢4 Maximum height of surface

¢ Arithmetical mean height of the surface

Among procedures, procedure C (ramp slip, step Ue) has the highest RMS and
average roughness. Yet, unexpectedly, the friction coefficient for this procedure is
equal to or lower than that of the other mapping procedures once the running-in
process is complete. For higher entrainment velocities, both the final roughness
and the direction of mapping do not have an effect on the friction coefficient (as
evidenced by the nearly identical behavior) for the behavior above an entrainment
velocity of 3 to 4 m/s of all procedures. The lower friction coefficient at low
entrainment velocities for the ramp slip procedure must have its origin elsewhere
than the roughness. The temperature profiles of the procedures differ, so one may
consider that a drop in viscosity may be causing the lower friction. However, the
temperature data are at odds with this hypothesis. Although the friction is lower
for the ramp slip procedure across the entire low Ue region, the ramp slip
procedure has an average contact temperature (average of ball and disc) of 106 °C
across the entire low entrainment velocity region, while the ramp Ue procedure
has an average temperature of 95 °C in the low slip, low Ue region and a
temperature of 119 °C in the high slip, low Ue region. Further exploration is
warranted to find the origin of the friction difference.
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4. Conclusions

We have demonstrated the use of friction mapping to evaluate the process of
running-in and its effects on EHL and mixed lubrication contacts. The main
observations made during the operation of several different running-in procedures
are as follows:

o The running-in process is more important for the mixed lubrication regime
than for the EHL regime.

« The final state, once the running-in process is complete, of the friction
coefficient and surface roughness over the mapped range of entrainment
velocity and slip does not depend significantly on the ramp direction, nor
on the particular range for those measured here.

o The friction coefficient does vary slightly between different ramp
directions in the mixed lubrication regime.

o The surface morphology results in only the deepest grooves remaining
with a very similar depth for all procedures.

o The running-in occurs at different rates and at different entrainment
velocity and slip values, depending on the ramp direction and extent of
mapping range. All maps contained ranges with a high slip at high
entrainment velocity, but we did not determine whether this is the only
requirement for running-in to the same extent.

« Heat generation depends much more on the particular contact operation
conditions than on the amount of running-in, since the friction coefficient
changes much less during running-in than the amount of power generation
at different areas within the friction map.

Running-in is an important stage of operation for gear and bearing contacts that
has a significant influence on their behavior over the life of the contact. This
research establishes a basis for using friction mapping to determine the extent,
rate, required contact conditions, and friction effect of the running-in process
under relevant contact conditions for these components. These procedures may be
used to explore the effects of contact pressure, temperature, lubricant chemistry,
and contact material properties. They may also aid in development of running-in
protocols for newly built transmissions, or even in the design of components to
achieve a particular running-in during operation. Further, a period of running-in is
typically conducted before evaluation of the particular parameters of interest
during tribological and component testing to avoid confounding effects. Although
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this period is normally conducted over the same period of time to provide the
same amount of running-in among experiments, a deeper understanding of the
process and its outcome under particular conditions can aid in selecting
appropriate procedures.
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List of Symbols, Abbreviations, and Acronyms

3-D
AISI
EHL
ISO
RMS

3-dimensional

American Iron and Steel Institute
elastohydrodynamic lubrication
International Organization for Standardization
root mean square

arithmetical mean height of the surface
maximum height of peaks

root mean square (RMS) height of surface
slide-to-roll ratio

maximum height of valleys

maximum height of surface

ball temperature

disc temperature

ball velocity at point of contact

disc velocity at point of contact
entrainment velocity

sliding velocity
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